Thls paper descrlbes the formulatlon of the Ultlmate LlmltState of punchlng reslstance of prestressed slabs proposed In the new FIP Recomo mendatlons for the deslgn of post-tensloned slabs and foundatlon rafts. The prestress effects were consldered on the actlon slde deflnlng an effectlve applled punchlng load. For the evaluatlon of the punchlng reslstance, CEB-FIP Model Code 90 was followed. An example of the appllcatlon of thls method to an Interior column of a prestressed flat slab 15presented. The ultimate limit state of punching resistance of prestressed slabs is one of the subjects revised in the documento In that revision the concept of prestress as an action was considered in the quantification ofthe applied punching load. The effects ofthe prestress (isostatic and hyperstatic) on the punching load are separated into the effects of the equivalent prestress forces perpendicular to the slab plan and the effects of equivalent prestress forces in the plane of the slab (compression due to prestress).
post-tensioned slabs and foundation rafts', 3 was prepared by a working group of FIP Commission 3 on practical design, and was finally published in 1999 by SETO(for the fib).
The ultimate limit state of punching resistance of prestressed slabs is one of the subjects revised in the documento In that revision the concept of prestress as an action was considered in the quantification ofthe applied punching load. The effects ofthe prestress (isostatic and hyperstatic) on the punching load are separated into the effects of the equivalent prestress forces perpendicular to the slab plan and the effects of equivalent prestress forces in the plane of the slab (compression due to prestress).
The equivalent prestress forces perpendicular to the slab plane include the moments due to eccentricities at the anchorages and the transversal deviation forces of the strands. For the evaluation of the effects of these forces on the punching force, the deviation forces within a perimeter at 0.5 h from the periphery of the column
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-----may be considered to be transferred directly to the column re ducing the value of the effective punching load.
The eccentricity of the punching force is taken into account using the formulation presented in MC90. 1 This new formulation considers a rectangular distribution, over the control perimeter, of the shear stresses that equilibrate part of the moment transferred between the column and the slab. This method is much less conservative than the one previously adopted in MC78, which used a triangular distribution ofthe shear stresses.4
For the quantification of the punching resistance, with or without transversal reinforcement, the formulation proposed by MC90 is adopted. The quantification ofthe punching resistance is made considering a control perimeter at a distance from the column equal to 2 d, allowing resistant shear stresses for punching to equal the ones used for the shear resistance of slabs, and avoiding the previous difficulties in the case of large columns.
The quantification of the maximum punching resistance is more rational than before since the crushing resistance of the concrete in the column perimeter governs it. In this way the value of the maximum punching resistance is again less conservative than those proposed by the previous recommendations.
Rg. 1 Transversal effect of the prestress for a typified prestressed flat slab An example of the application of the formulation described in this paper is presented.
Effective value of the punchlng force
Theeffective designvalueofthe punchingforce ( PSd.efl) is defined as the value of a concentric punching force that produces uniform shear stresses, over the control perimeter equal to the maximum shear stress caused by the eccentric punching force. The effec tive value of the punching force may be obtained multiplying the
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Plana eccentric punching force PSd(p),due the applied load p, by a factor (3 greater than the unity, to take into consideration the eccen tricity effect on the stresses around the control perimeter:
The effective punching force must also account for the prestress effects: the effect the equivalent prestressing forces transversal to the slab PSd(P),and the in plane prestress force effect PPo:
Transversal prestress effect
The punching force is determined taking ínto consideration the loads applied to the slab and the equivalent prestressing forces transversal to the slab ( PSd(p,P)), including its hyperstatic effect. For this quantification ali the transversal equivalent prestress forces ( Figure 1 ) are considered, except those which are trans ferred directly to the column and do not influence the shear stresses around the column. For this purpose it is considered that the prestress equivalent forces acting inside a perimeter 0.5 h from the column periphery, together with the applied loads in that area, are transferred directly to the column (Figure 2(a) ). This is equivalent to reducing the column reaction by the value of Ptan a of the tendons which cross that perimeter (Figure 2(b) ), where a is the angle between the tendons and the plane of the slab at a distance 0.5 h from the column.
Rg. 2 Punching load
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PSd(p, P)
Rg. 3 Moments transferred between the slab and the columns H
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Eccentricity of the punching force
Usually the forces transferred between the slab and the columns are not centred with the column centroid. Due to horizontal forces applied to the structure, unequal spans or unequalload values on two adjacent spans, or at the columns of an end span (Figure 3 ), there are moments transferred between the slab and the columns.
The maximum shear force per unit width on the control perimeter (vmax) may be evaluated as follows, 4 where MSd = MSd(P, P) is the moment transferred between the slab and the column, due to the applied loads and the effects of the prestress:
The control perimeter ( u1) is taken at a distance 2 d from the periphery of the applied force or column and must be constructed 50 as to minimize its length ( Figure 4 ).
The parameter w1 is defined as where di is an elementary length of the perimeter and e is the distance of d I to the axis about which the moment MSdacts.
The coefficient k represents the proportion of applied moment (MSd)transferred to the slab by shear stresses along the control Flg. 6 Contrai perimeters at comer columns perimeter. This coefficient depends on the ratio between the columndimensions c1(parallelto the eccentricity MSdI PSd) and c2 (perpendicular to the eccentricity):
In accordance with MC90, 1 the effective punching force due to the eccentricity effect may be estimated as where 13is given by
In the case of double eccentricity of the punching force the foi lowing expression may be used: 
Flg. 7 Compression due to prestress (8) expression (8) are very close to the ones of expression (7) for common slab and column dimensions.
Slab-edge column connectlons. At slab-edge column connections, where the eccentricity perpendicular to the slab edge is towards the interior, it is considered that the punching force is uniformly distributed along the control perimeter u~, as defined in Figure 5 . Thevalue of 13maythen be determined as where e is the component of the eccentricity parallel to the slab edge.
If the eccentricity perpendicular to the slab edge is not towards the interior, expression (6) applies.
In any case, in the definition of the control perimeter, the space needed for the anchorage recess must not be considered (Rgure 5).
SlalH:orner column connectlons. At slab-corner column connections, where the eccentricity is towards the interior of the slab, it is assumed that the punching force is uniformly distributed along the control perimeter u~, as defined in Rgure 6. The {3value may then be considered as If the eccentricity is towards the exterior, expression (6) applies.
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Campressian effects af the prestress
The compression effects of the prestress influence the punching behaviour of the slab.
The value of this compression depends on the position of the anchorages in relation to the punching area and the restriction to the in plane deformation of the slab caused by the vertical struc tural elements, like shear walls or large columns (Figure 7) .
For foundation rafts, where the friction between the foundation and the subgrade may be significant, a detailed analysis must be performed in order to quantify the compression stresses.
Unless the prestress force is very high, the influence of the compression stresses on the punching behaviour is usually very small. For doubtful situations the compression effect is neglected.
The compression effect of the prestress may be considered on the action side of the ultimate limit check (expression (2», and different compression stresses in two directions ( x and y) may be considered. The compression stresses due to prestress delay the opening of the shear cracks, reduce their widths and increase the depth of the concrete compressed area at the slab cross-section near the column faces.
A decompression punching force Ppois defined as the force needed to compensate the compression stresses due to the compression effect of the prestress. To take into account different prestress forces in two orthogonal directions x and y the decompression punching force may be evaluated as follows: (12) where b. and by are the dimensions of the control perimeter along x and y, respectively, and p'o and Pyoare the decompression forces corresponding to the prestress forces in those directions ( Figure  8 ).
It is assumed that the decompression punching force is the punching force which corresponds to a bending moment that causes tension stresses on the slab top surface equal to the compression stresses due to the compression effect of the prestress, as is shown in the following paragraphs.
The decompression forces in each direction may be easily evaluated as a proportion to the actual punching force PSd(p, P) and bending moments M.Sd(P,P) and MySd(p,P):
The moments M.Sd(p, P) and MySd(p, P) are the total bending moments at the columnface in the widths b x and by'respectively, and M.o and Myo stand for the decompression moments in the widths b. and by' respectively, defined as (14) where I7cP' and I7cpy are the mean concrete stresses, due to the prestress axial compression, in the by and b. widths, respectively.
Punchlng reslstance (11)
In order to check the ultimate limit state of punching resistance, the effective punching force must not be greater than the punching resistance:
PSd. ell~PRd (15) Structural Concrete , 2000, 1, No. 2
Flg. 11 Slab geometry (dimensions in mm)
For the quantification of the punching resistance the CEB-FIP Model Code is followed.
Punching resistance without shear reinforcement
The punching resistance. along the control perimeter u1. may be taken as PRd,= 0.12 ((100p,"k)1/3u1d (16) where ( 
Punching resistance with shear reinforcement
The punching resistance with shear reinforcement may be evalu ated as
where Aswis the total area of shear reinforcement in a layer around the column, 5, is the radial spacing between layers ( Figure 9 ) and a is the angle between the shear reinforcement and the plane of the slab. The design strength of the reinforcement fydshall not be taken greater than 300 MPa.
Maximum punching resistance
The maximum load /3PSd(P), not considering the prestress effects, must not be greater than
where Uois the length of the periphery of the supporting column and ,"d2the design resistance. of the concrete under compression in a cracked zone, and is given by The segments of perimeters Uonormal to the slab edge at comer and edge columns are limited to 1.5 d as are shown in Figure 10 .
Example
In this section an example of the application of these recommen dations is presented.
Design data (18)
The example refers to the punching check of an interior panel of a 
Effective punching force
From the eccentricities in Table 1 the value of the effective punching force may be quantified as shown in Table   2 .
Punching resistance neglecting the prestress compression effect
PRd,1 =0.12 [1 + --J(200/190 mm) Figure 14 .
Punching resistance considering the prestress compression effect
Assuming thatali the compression due to prestressis transmitted The values of /3PSd(P) are obtained from Table 4 , where the prestress effects were not considered.
